Aging is an intricate process that increases susceptibility to sarcopenia and cardiovascular diseases. The accumulation of mitochondrial DNA (mtDNA) mutations is believed to contribute to mitochondrial dysfunction, potentially shortening lifespan. The mtDNA mutator mouse, a mouse model with a proofreading-deficient mtDNA polymerase g, was shown to develop a premature aging phenotype, including sarcopenia, cardiomyopathy and decreased lifespan. This phenotype was associated with an accumulation of mtDNA mutations and mitochondrial dysfunction. We found that increased expression of peroxisome proliferatoractivated receptor g coactivator-1a (PGC-1a), a crucial regulator of mitochondrial biogenesis and function, in the muscle of mutator mice increased mitochondrial biogenesis and function and also improved the skeletal muscle and heart phenotypes of the mice. Deep sequencing analysis of their mtDNA showed that the increased mitochondrial biogenesis did not reduce the accumulation of mtDNA mutations but rather caused a small increase. These results indicate that increased muscle PGC-1a expression is able to improve some premature aging phenotypes in the mutator mice without reverting the accumulation of mtDNA mutations.
INTRODUCTION
Aging is the progressive decline in cellular, tissue and organ function (1 -3) . This complex process often manifests as loss of muscular strength and cardiovascular function (2) . The mitochondrial theory of aging suggests that the accumulation of mitochondrial DNA (mtDNA) mutations leads to mitochondrial dysfunction, loss of organ function and consequently a decrease in lifespan (4, 5) . This theory is appealing as there is a correlation between age-dependent alterations in mtDNA and an increased risk for developing cardiovascular diseases, neurodegenerative disorders and myopathy (1,6 -8) . Accordingly, there is an association between the accumulation of mtDNA point mutations and deficiencies in mitochondrial oxidative phosphorylation system (OXPHOS) in aging muscle fibers and hippocampal neurons (9) .
The mtDNA mutator mouse, a mouse model with a proofreading-deficient mtDNA polymerase g (POLG), is a valuable model system to study the contribution of mitochondrial dysfunction to aging (10 -12) . Animals homozygous for this mutant POLG (mtDNA mutator mice, designated Mut mice) age prematurely, have reduced lifespan and show increased accumulation of mtDNA point mutations (11, 12) . Reminiscent of normal human aging, Mut mice develop cardiomyopathy and sarcopenia (loss of skeletal muscle mass), which is associated with mitochondrial dysfunction in the heart and skeletal muscle, respectively (11) (12) (13) .
Peroxisome proliferator-activated receptor g coactivator-1a (PGC-1a) is a master regulator of mitochondrial biogenesis. Overexpression of PGC-1a in the mouse skeletal muscle and heart has been shown to increase mitochondrial biogenesis and function (14, 15) . In addition, PGC-1a induces fiber-type switch from glycolytic to oxidative fibers (16) , angiogenesis (17) and retards protein degradation and atrophy in the skeletal muscle (18, 19) . Furthermore, PGC-1a has been shown to positively regulate cardiac function (20) . Since Mut mice have mitochondrial dysfunction, sarcopenia and cardiomyopathy and PGC-1a has been shown to increase mitochondrial biogenesis and function, we tested whether increased PGC-1a expression could compensate for the mitochondrial dysfunction in Mut mice and improve their aging phenotype. Here, we show that Mut mice with increased expression of PGC-1a under the muscle creatine kinase (MCK) promoter have increased mitochondrial biogenesis and function and improved skeletal muscle and heart function.
RESULTS

MCKPGC-1aMut mice have increased PGC-1a in the skeletal muscle
We created Mut mice transgenically expressing PGC-1a under the MCK promoter (heretofore referred to as MCKPGC-1aMut mice). In MCKPGC-1aMut mice, PGC-1a overexpression in the skeletal and cardiac muscle begins at birth.
We allowed MCKPGC-1aMut mice to age until they were 10-month-old, the age when most of the phenotypes reported in the Mut mice become evident (11, 12) . To ensure that 10-month-old MCKPGC-1aMut mice had increased PGC-1a levels in the skeletal muscle, RNA and total homogenates were prepared from the quadricep of male MCKPGC-1aMut, MCKPGC-1aWT (wild-type mice transgenically expressing PGC-1a under the MCK promoter), Mut and WT mice and used for quantitative reverse transcriptase -Polymerase chain reaction (PCR) and western blot analysis, respectively. We found that 10-month-old MCKPGC-1aMut mice had a 4-fold increase in PGC-1a mRNA levels compared with Mut and our positive controls, MCKPGC-1aWT mice had a 20-fold increase in PGC-1a mRNA compared with WT mice (Fig. 1A) . MCKPGC-1aMut mice also had a 2-fold increase in PGC-1a protein in the quadricep compared with Mut, and MCKPGC-1aWT mice had a 3-fold increase compared with WT mice (Fig. 1B and  C) . These results indicate that 10-month-old MCKPGC1aMut mice have increased PGC-1a in the skeletal muscle; however, the levels are lower than that of MCKPGC-1aWT mice. Unless otherwise stated, we performed all our experiments with 10-month-old male MCKPGC-1aMut mice and age-matched controls.
Increased PGC-1a expression increases mitochondrial biogenesis and improves mitochondrial function in the skeletal muscle of Mut mice
To assess changes in mitochondrial biogenesis, we measured mitochondrial protein levels and mtDNA levels in the quadricep of MCKPGC-1aMut mice and controls. We found that MCKPGC-1aMut mice had increased levels of several subunits of the mitochondrial OXPHOS ( Fig. 2A and B) and increased mtDNA levels in the quadriceps compared with Mut mice (Fig. 2G) . MCKPGC-1aMut mice also had increased levels of these mitochondrial proteins in the gastrocnemius compared with Mut mice (Supplementary Material, Fig. S1A and B) .
To determine if this increase in mitochondrial biogenesis increased mitochondrial function in the quadricep of MCKPGC-1aMut mice, we measured the activity of mitochondrial electron transport chain (ETC) and citric acid cycle-associated enzymes. Frozen transverse sections were prepared from the quadricep of the mice and activity stainings were performed to detect the activity of cytochrome c oxidase (COX), complex IV and succinate dehydrogenase (SDH), complex II of the mitochondrial ETC. We found that MCKPGC-1aMut mice had more fibers positively stained for COX activity (dark brown stain) and SDH activity (blue stain) compared with Mut mice (Fig. 2C) . These findings indicate that PGC-1a overexpression increased mitochondrial function in the quadriceps of Mut mice. Total homogenate from quadriceps also showed an increased activity of complexes I and III (Fig. 2D ), complex IV ( Fig. 2E ) and citrate synthase (CS; a marker of mitochondrial mass, Fig. 2F ) measured spectrophotometrically. These results indicate that, as expected, MCKPGC-1aMut Increased PGC-1a expression induces fiber-type switch and improves skeletal muscle function of Mut mice It was previously shown that Mut mice develop decreased quadricep and gastrocnemius weight (12) . Therefore, we compared the quadricep and gastrocnemius weight of MCKPGC-1aMut to Mut mice to test if increased PGC-1a expression could protect the mice from loss of skeletal muscle mass. Surprisingly, we found that increased PGC-1a expression had no effect on the skeletal muscle weight of the mice (Fig. 3A) . However, Mut mice fell more often when running on a treadmill than MCKPGC-1aMut mice (Fig. 3B) . This was observed not only at 3 and 5 months, but also at 9 -10 months of age when Mut mice develop sarcopenia. This suggests that the increased expression of PGC-1a in the skeletal muscle of the Mut mice is able to improve mitochondrial function, boost endurance and skeletal muscle function. PGC-1a has been shown to regulate the conversion of muscle fibers from glycolytic (type IIB) to oxidative (type I and IIA) fiber types (16) . Oxidative muscle fibers are characterized by high mitochondrial density and resistance to fatigue (21) . Therefore, we sought to determine if the improved treadmill performance of MCKPGC-1aMut mice was associated with the formation of more oxidative fiber types. We performed immunohistochemistry for myosin heavy chain (MHC) I and MHC IIA (markers of type I and IIA oxidative fibers, respectively) in frozen sections from the quadriceps of 10-month-old male mice. We found that MCKPGC-1aMut mice had more type I and IIA positive skeletal muscle fibers than Mut mice (Supplementary Material, Fig. S2 ), which explains their improved treadmill performance despite no increase in their skeletal muscle weight.
Increased PGC-1a expression improves the heart function of Mut mice
We found that similar to WT controls, MCKPGC-1aMut mice showed a trend toward increased PGC-1a mRNA levels in the heart compared with Mut mice (Fig. 4A) . In addition, they showed a trend toward increased heart mtDNA levels ( Fig. 4D) . To determine the effect of this mild increase in PGC-1a expression and mtDNA levels on mitochondrial protein levels in the heart, we performed western blot to detect the levels of subunits of mitochondrial OXPHOS enzymes. We found that both MCKPGC-1aMut and MCKPGC-1aWT mice had no detectable increase in the levels of mitochondrial markers in the heart, which suggests that there is no increase in heart mitochondrial biogenesis (Supplementary Material, Fig. S3A and B). Next, we measured the activity of COX and CS to determine if the function of heart mitochondria was improved. Our results showed that MCKPGC-1aMut mice had increased COX activity in total heart homogenate ( Fig. 4C ) and frozen transverse sections from the heart (Supplementary Material, Fig. S3C ) when compared with Mut mice. However, they had no increase in heart CS activity (Fig. 4B ). These results indicate that mild PGC-1a overexpression in the myocardium of MCKPGC-1aMut mice along with systemic effects of increased PGC-1a expression in Figure 3 . Increased PGC-1a expression has no effect on skeletal muscle weight but improves skeletal muscle function of Mut mice. (A) Weight of quadricep and gastrocnemius of 10-month-old male mice (n ¼ 4 -5/group). Student's t-test: * P , 0.05 and * * P , 0.01. Error bars represent the SEM. (B) The number of falls of mice when put to run on a treadmill for 3 min at 9 m/min (n ¼ 5-10/group).
* P , 0.05 represents the difference between Mut and MCKPGC-1aMut; ## P , 0.01 and ### P , 0.001 represents the difference between WT and Mut; ++ P , 0.01 and ++ + P , 0.001 represents the difference between MCKPGC-1aWT and Mut; f P , 0.05 represents the difference between WT and MCKPGC-1aMut. Difference between MCKPGC-1aWT and MCKPGC-1aMut is significant at the 9-month time point only and the difference between WT and MCKPGC-1aWT is not significant at any time point. Statistics represent two-way ANOVA followed by the Bonferroni post-tests. Error bars represent the SEM. Figure 4 . Increased PGC-1a expression stabilizes mtDNA levels and improves mitochondrial function and ejection fraction in the heart of Mut mice. (A) Gene expression of PGC-1a in the heart relative to WT (n ¼ 4/group). mRNA levels are normalized to GAPDH. (B) CS activity and (C) COX (complex IV) activity in total heart homogenate (n ¼ 4/group). (D) MtDNA levels in the heart relative to WT based on the ND1 copy number (subunit of complex I) normalized to GAPDH (n ¼ 4/group). We analyzed 10-month-old male mice. (E) Percent heart ejection fraction based on echocardiogram of the mouse heart (n ¼ 11-12, 10-month-old male and female mice per group). Student's t-test:
* P , 0.05 and * * * P , 0.001. Error bars represent the SEM. the skeletal muscle improved heart mitochondrial function without causing a major increase in mitochondrial biogenesis.
We next examined if improved mitochondrial function in MCKPGC-1aMut mice had any effect on overall cardiac function. To measure heart function, we performed echocardiograms on 10-month-old male and female mice and determined ejection fraction as a quantitative measure of overall cardiac function. We found that compared with WT mice, Mut mice had a decrease in ejection fraction (Fig. 4E) ; however, this was restored in MCKPGC-1aMut mice to levels comparable with WT animals (Fig. 4E) . Interestingly, MCKPGC-1aMut mice had no change in heart size and ventricle lumen diameter compared with Mut mice (not shown).
Many studies have linked cardiac fibrosis, increase in heart collagen content, to heart aging (22) . Therefore, we asked if the improved heart function in MCKPGC-1aMut mice was associated with a reduction in heart collagen levels. We performed immunohistochemistry to detect collagen I in frozen sections from the heart of 10-month-old male mice. Surprisingly, we found that collagen I was reduced along muscle fibers and around blood vessels in the heart of Mut mice and was restored in MCKPGC-1aMut mice (Supplementary Material, Fig. S4 ). Since collagen I is needed for proper ventricular diastolic function in the heart (23), its increase likely contributes to improved heart ejection fraction in MCKPGC-1aMut mice. It is possible that increased mitochondrial function or systemic effects resulting from increased PGC-1a expression in the skeletal muscle affects heart collagen I levels.
Increased PGC-1a expression increases the abundance of mtDNA point mutations in the skeletal muscle of Mut mice
The premature aging phenotype of Mut mice is believed to be caused by the accumulation of mtDNA mutations resulting from their error-prone POLG (11, 24) . Therefore, we determined the effect of increased PGC-1a expression on the abundance of mtDNA point mutations in the skeletal muscle of Mut mice. Total DNA was prepared from the quadricep of the mice and we amplified two amplicons spanning the entire mtDNA. We then sequenced this mtDNA using next generation sequencing (NGS) to determine sequence variations in MCKPGC-1aMut mice compared with Mut, MCKPGC-1aWT and WT mice.
As previously shown (25), we found that mice with a Mut background had more mtDNA sequence variations than WT mice (Fig. 5A) . NGS demonstrated that the increased levels of point mutations were evenly distributed throughout the whole mitochondrial genome of the Mut mouse. An interesting exception was the displacement loop (D-loop), which showed a cold spot for point mutations (position 16 000 in Figure 5A ) (26) . Mut and MCKPGC-1aMut mice had similar overall abundance of mtDNA point mutations (Fig. 5B) . Further analysis showed that all the mice tested (WT, MCKPGC-1aWT, Mut and MCKPGC-1aMut mice) shared similar abundance of their most frequent mtDNA point mutations. Highly abundant point mutations (ranked as #1 to #100 in abundance; 1 -40% heteroplasmy) are likely inherited mutations (Fig. 5C ), as these mice were littermates born to parents heterozygous for the D257A mutation in POLG, which have increased levels of mtDNA mutations in their germ line (27) . Interestingly, WT and MCKPGC-1aWT 
had much lower levels of the less abundant mtDNA point mutations (ranked as #100 -#10 000 in abundance) compared with Mut and MCKPGC-1aMut mice (Fig. 5C) . These rare mutations likely represent somatic mutations accumulated during life. In Mut mice, they are caused by the error-prone POLG function in muscle mtDNA. Although individually these mutations are less abundant, there are many more of them, explaining the increased total load of mutations in the Mut mice ( Fig. 5A and B) . When we took a closer look at lowfrequency mutations (ranked from #100 to #10 000), we found that MCKPGC-1aMut mice had a higher average abundance of these mutations compared with mutator mice (Fig. 5D) . These results indicate that increased PGC-1a expression increases the abundance of somatically generated mtDNA point mutations in the skeletal muscle of Mut mice. This increase is likely a result of increases in mtDNA replication and mitochondrial biogenesis orchestrated in the skeletal muscle by PGC-1a.
Increased PGC-1a expression does not increase control region multimers in the heart of Mut mice
The mtDNA control region, which includes the D-loop, regulates mtDNA replication and transcription (28) . We recently showed that Mut mice have a signature genetic abnormality, namely, high levels of control region multimers (CRMs), in heart and brain mtDNA (25) . CRMs contain novel recombination sites that allow them to be detected and quantified by PCR. We were able to amplify CRMs in the heart of Mut and MCKPGC-1aMut mice but not in WT mice (Supplementary Material, Fig. S5A ). Quantitative PCR showed that increased PGC-1a expression in the heart had no effect on the relative CRM levels in MCKPGC-1aMut mice compared with Mut mice (Supplementary Material, Fig. S5B ). These results indicate that increased PGC-1a levels in the heart of Mut mice did not affect mtDNA structure in this tissue. They also suggest that CRMs do not contribute to the heart phenotype of the Mut mice.
Increased PGC-1a expression has mild systemic effects on Mut mice
We also assessed the effect of muscle PGC-1a overexpression on non-muscle phenotypes in the Mut mouse. We found that MCKPGC-1aMut mice and Mut mice had very similar appearance (not shown) and weights at each age (Supplementary Material, Fig. S6A ). In addition, we found no change in bone mineral density and content (Supplementary Material, Fig. S6D and E), body area, lean mass, total fat and body fat percentage of 10-month-old male MCKPGC-1aMut and Mut mice (Supplementary Material, Fig. S6F ). This indicates that overexpression of PGC-1a in the skeletal muscle of Mut mice did not have a major influence on these parameters. We also compared the blood cell count and blood chemistry of the mice at 10 months to search for systemic effects. Our results showed that there was no change in liver or kidney function markers (not shown). Although there was no change in blood cell count in MCKPGC-1aMut compared with Mut mice (Supplementary Material, Fig. S6B ), MCKPGC-1aMut mice had decreased mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH) compared with Mut mice (Supplementary Material,  Fig. S6C ). Because MCV and MCH are increased in Mut mice due to severe anemia, these findings suggest that increased muscle PGC-1a expression ameliorates these blood parameters in Mut mice.
We also compared the survival of MCKPGC-1aMut mice with Mut mice. We found that while MCKPGC-1aMut mice did not live longer than Mut mice, they started dying 6 weeks after Mut mice (Supplementary Material, Fig. S6G ). This indicates that increased PGC-1a levels in the skeletal muscle and heart may delay onset of death in the MCKPGC-1aMut group of mice.
DISCUSSION
Phenotypic changes triggered by increased muscle PGC-1a in the Mut mouse
Recent studies have highlighted an association between decreased mitochondrial biogenesis and function, decreased PGC-1a expression and aging (29) (30) (31) . Consequently, methods of improving mitochondrial biogenesis and function have become topics of interest. We previously showed that in a mouse model with mitochondrial muscle myopathy, increased expression of PGC-1a leads to an increase in mitochondrial mass, respiration and ATP production (14) . We also showed that increased expression of PGC-1a in the skeletal muscle of aging WT mice protects from mitochondrial dysfunction and sarcopenia associated with normal aging (32) .
In this study, we tested whether increased PGC-1a expression in the Mut mice could compensate for mitochondrial dysfunction and confer protection against premature aging phenotypes.
We found that although MCKPGC-1aMut mice had increased PGC-1a levels in the skeletal muscle, this increase was blunted when compared with their WT counterparts. We do not have an explanation for this difference, but it may be related to feedback mechanisms controlling PGC-1a stability in different bioenergetic states. In any case, the increase in mitochondrial biogenesis and associated increase in oxidative skeletal muscle fibers in the Mut muscle was sufficient to promote protection against some of the aging phenotypes.
Similar increases in mtDNA levels, mitochondrial protein levels and COX activity were observed in the skeletal muscle of endurance trained Mut mice (33) . This is not surprising as it is known that exercise induces PGC-1a expression in skeletal muscle and PGC-1a has been shown to regulate the adaptation of skeletal muscle to exercise (34, 35) . However, while endurance exercise rescued the decreased quadriceps and gastrocnemius weight in the Mut mice (33), we found that increased PGC-1a expression had no effect on skeletal muscle weight. The increase in skeletal muscle weight observed in endurance exercised Mut mice may result from effects of exercise that are parallel to the PGC-1a pathway.
Furthermore, we found that MCKPGC-1aMut mice trended to have increased COX activity and mtDNA levels in the heart despite having only a small increase in PGC-1a expression in this tissue. This small increase may be optimal since high Human Molecular Genetics, 2012, Vol. 21, No. 10 2293 levels of PGC-1a in the heart can lead to cardiomyopathy (36) . We also observed that MCKPGC-1aMut mice had increased percent heart ejection fraction, suggesting that increased PGC-1a expression and mitochondrial function in the heart improved heart function. This finding supports the role of PGC-1a in regulating heart energy metabolism and function (20) . Besides its role in increasing mitochondrial biogenesis, PGC-1a can also increase the levels of specific factors that improve mitochondrial activity, anti-oxidant function and microvascularity (37) . Moreover, increased PGC-1a expression in the muscle can lead to the release of myokines that can impact heart function (38) . Despite having improvements in the skeletal muscle and heart, MCKPGC-1aMut mice did not display changes in physical appearance, body weight, bone mineral density or fat/lean mass that was observed in endurance exercised Mut mice (33) . However, similar to endurance exercised Mut mice, MCKPGC-1aMut mice had decreased MCV and MCH, suggesting that increased PGC-1a expression improved some blood parameters in the Mut mice (33). Although we did not observe an extension in the lifespan of MCKPGC-1aMut mice as was observed in exercised Mut mice (33) , the increased longevity in that study was determined by analyzing very few animals, and confirmation in larger groups would be required. In any case, the overall health of MCKPGC-1aMut mice appeared improved, as the early deaths in this group were observed 6 weeks after the early deaths in the Mut mice.
Therefore, increased expression of PGC-1a in muscle conferred protection mostly to the muscle and heart, likely by increasing the mitochondrial pool, which minimizes the partial defects associated with increased levels of mtDNA mutations. There were also improvements in some blood parameters, which may be associated with the release of myokines (38) .
Genotypic changes triggered by increased muscle PGC-1a in the Mut mouse
When we analyzed mtDNA point mutations in the skeletal muscle, we found that increased PGC-1a expression in Mut mice did not decrease the abundance of somatic point mutations, but instead led to a small but significant increase. This finding suggests that increased PGC-1a expression induces mtDNA replication in Mut mice, leading not only to increased mtDNA levels but further accumulation of mtDNA point mutations with each round of replication, since these mice have a proofreading-deficient POLG. In contrast, endurance exercised Mut mice were reported to have decreased frequency of mtDNA point mutations in the skeletal muscle (33). We do not have an explanation for this difference, but they may be due to either different methodology or to systemic effects of exercise that possibly mediate an increase in mtDNA repair or removal of dysfunctional mitochondria in the skeletal muscle of the Mut mice. It has been shown that skeletal muscle of the Mut mice have a lower abundance of mtDNA point mutations in the D-loop compared with the rest of the mtDNA (26) . This pattern was preserved in MCKPGC-1aMut mice. The reason for the existence of this 'cold spot' remains unexplained.
We previously showed that CRMs are present in the heart of Mut and not WT mice and can be used as markers of mtDNA damage (25) . Here, we observed that MCKPGC-1aMut mice had similar levels of CRMs in the heart as Mut mice. This finding suggests that increased PGC-1a expression did not increase mtDNA damage in the heart, although we observed an increase in mtDNA levels.
Our findings highlight the potential of PGC-1a in circumventing mitochondrial dysfunction in aging and age-related conditions. We showed that increased PGC-1a expression under the MCK promoter increases mitochondrial biogenesis and function and improves skeletal muscle and heart function of Mut mice despite not improving their mtDNA mutation load.
MATERIALS AND METHODS
Generation of MCKPGC-1aMut mice
Transgenic mice expressing PGC-1a driven by the muscle/ heart-specific MCK promoter (MCKPGC-1a) were described previously (16) . MtDNA mutator mice (Polg D257A/D257A ) were characterized previously (11, 12 
Animal husbandry
Mice were housed in a virus-antigen-free facility of the University Of Miami Division Of Veterinary Resources in a 12-h light/dark cycle at 228C and fed ad libitum with the irradiated standard mouse diet.
Quantitative PCR
Total RNA was isolated from the snap-frozen quadriceps and heart using the RNeasy Fibrous Tissue Mini kit (Qiagen). cDNA was synthesized from 1 mg of RNA using the Superscript III reverse transcriptase kit (Invitrogen). Quantitative real-time PCR, with specific primers for PGC-1a (5 ′ -CT GCGGGATGATGGAGACA and 5 ′ -AGCAGCGAAAGCG TCACA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 5 ′ -GCAGTGGCAAAGTGGAGATT and 5 ′ -GAAT TTGCCGTGAGTGGAGT), was performed using Maxima SYBR Green/ROX PCR Master Mix (Fermentas).
Total DNA was extracted from the frozen quadriceps and heart with phenol:chloroform and mtDNA copy number was quantified using NADH dehydrogenase subunit 1 (ND1; 5 ′ -CAGCCTGACCCATAGCCATA and 5 ′ -ATTCTCCTTCT GTCAGGTCGAA) and GAPDH primers. MtDNA D-loop (control region) levels were quantified using control region primers (CRMF, CCCCTTCCCCATTTGGTCTATT; CRMB, TTGATGGCCCTGAAGTAAGAACC) and COX1 primers (CO1F, AGGCTTCACCCTAGATGACACA; CO1B, GTAGCGTCGTGGTATTCCTGAA). The DDC t
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Human Molecular Genetics, 2012, Vol. 21, No. 10 method was used to analyze the abundance of PGC-1a, mtDNA and D-loop.
Polymerase chain reaction
For the detection of CRMs, total DNA was isolated from the frozen heart by phenol:chloroform extraction. CRMs were amplified with Expand Long Template PCR kit (Roche) using primers 15720F (CACCAATGCCCCTCTTCTCG) and 16022B (TTGGGTTTTGCGGACTAATGAT). Reaction was performed with Buffer 2 using an extension time of 2 min.
Western blot
Western blot analysis was performed as described previously (39) . Primary antibodies used were PGC-1a (Santa Cruz H-300), succinate dehydrogenase subunit A (SDHA; Mitosciences), Total OXPHOS Rodent Cocktail (Mitosciences) and Actin (Sigma). All primary antibodies were used at 1:1000 dilution and incubated overnight at 48C. Secondary antibodies used were infrared-conjugated anti-rabbit 700 (1:3000) and anti-mouse 800 (1:5000) (Rockland). Blots were visualized with Odyssey Infrared Imaging System (LI-COR Biosciences) and band intensity/optical density was quantified with default software supplied by LI-COR.
Histochemistry and immunohistochemistry
Deeply anesthetized mice were perfused with cold phosphatebuffered saline (PBS), and the quadriceps and heart were removed and immediately frozen in isopentane cooled in liquid nitrogen. For histochemistry, triplicate 10-mm thick cross-sections of these frozen tissues were stained for SDH and COX activities as described previously (40) . The stained sections were analyzed using a light microscope. For immunohistochemistry, frozen sections were blocked in PBS 5% bovine serum albumin for 30 min. For heart sections, primary antibody for collagen I (1:200; Abcam) was incubated overnight at 48C and wheat germ agglutinin conjugated to Texas Red-X (1:100; Molecular Probes) was added for 10 min. Secondary antibody conjugated to Alexa 488 (1:400; Molecular Probes) was added for 1 h in the dark. Sections were mounted with VECTASHIELD mounting medium with 4 ′ ,6-diamidino-2-phenylindole (Vector Laboratories) and then analyzed with an LSM710 confocal microscope (Zeiss). Alexa 488 intensity was quantified using the default confocal microscope software (Zeiss). For fiber typing in the quadriceps, primary antibodies recognizing MHC IIA (SC-71-c) and MHC I (A4.951-c) (DSHB) were incubated overnight at 48C. Secondary antibody conjugated to Alexa 488 (1:400; Molecular Probes) was added and incubated for 2 h in the dark. Sections were analyzed with a fluorescent microscope.
Spectrophotometric assays
The activity of complex IV and CS was determined spectrophotometrically in total homogenate from the quadriceps and heart of mice as described previously (41) . The activity of complexes I and III was determined spectrophotometrically in total homogenate from the quadriceps of mice as described previously (42) . However, complex I reaction was started with coenzyme Q1 and inhibited with rotenone, and complex III reaction was started with coenzyme Q2 and inhibited with stigmatellin. Assay results were normalized to protein concentration obtained by the Bradford method.
Treadmill test
Mice were acclimated to the treadmill (Columbus Instruments, Columbus, OH, USA) prior to testing; they were put to run for 1 -2 min until they knew how to perform the test. For the test, mice were put to run on the treadmill at 9 m/min for 3 min. Mice performance was measured by the number of times a mouse falls off the running belt onto the grid during the test.
Echocardiogram
Transthoracic echocardiography was performed on 10-month-old mice anesthetized with 1% isoflurane as described previously (43) . The VisualSonics 770 system (Toronto, Canada) was used for this procedure and percent ejection fraction was calculated from the obtained images.
Next generation sequencing
Sequencing libraries were prepared from two amplicons covering the entire mtDNA using the Kapa high fidelity PCR system. Fragments were amplified using 5 ′ -blocked (C6-TFA) primers 12728F (CTGTACCCACGCATTCTTCA), 4200B (GGATAGGCCTATTAATGTTATGT), 4075F (AGCAGCAACAAAATACTTCGTCACAC) and 12886B (GTGAGGGCGAGGCTTCCGATTAC).
Products were cleaned using the Sigma Genelute PCR cleanup kit, quantified with an Invitrogen Qubit fluorometric quantitation system and mixed in equimolar amounts. Sequencing libraries were prepared using Illumina TruSeq sample prep and two times 100 bp paired-end sequencing was done on an Illumina HiSeq 2000 system. Read files were created using CASAVA 1.8 without duplicate removal. CLCBio 4.7.2 was used for assembly and variant detection. Reads were imported and quality trimmed at default settings with a length cutoff of 60 bp to produce working files which were assembled with a cutoff of 0.9 similarities and 0.95 lengths with paired-end distance optimized for each sample. Variants were detected using the CLCBio single-nucleotide polymorphism (SNP) detection algorithm with default quality scoring and no significance scoring. Thus, values reported are sum variance (biological and technical) at each position and differences in mutation frequency between WT and other mice are assumed to reflect differences in actual mutation relative to WT variance. SNP tables were analyzed and graphics produced in MS Excel. Only the first minor allele frequencies were considered.
Blood analysis
Mice were deprived of food overnight and the following day anesthetized and blood was collected by cardiac puncture. Blood was sent to the University of Miami Comparative Human Molecular Genetics, 2012, Vol. 21, No. 10 2295
Pathology Laboratory for complete blood cell count and liver/ kidney panel analysis.
DEXA scan
The body composition of mice was determined as described previously (44) . In brief, mice were anesthetized and weighed and bone mineral density and content along with fat and lean body mass was measured using a Lunar PIXImus II Densitometer (GE Medical Systems, Waukesha, WI, USA).
